The aim of this study was to evaluate CyberKnife-based radioablation as a salvage treatment for prostate cancer postirradiation relapses based on a group of patients disqualified from available conventional methods of salvage treatment. Thirty-eight patients were treated with a fraction dose varying from 5.5 to 10 Gy (median 7.35) to a total dose of 18 to 36.25 Gy (median 36.25). In all, 55.3% of patients had androgen deprivation therapy during this time. Nine patients had oligometastases in the salvage time. The follow-up varied from 1.6 to 46.4 months (mean 19.7, median 14.4). In all, 92.6% to 97.4% of patients had no gastrointestinal acute adverse effects; no effects higher than G1 were noted. There were particular (up to 4.8%) G2 late gastrointestinal effects. The percentage without genitourinary acute effects varied from 59.1% to 78.9%; 3.7% had G3 toxicity. G3 late genitourinary toxicity appeared 3 times, the maximal percentage being 12.5% (24 months after salvage treatment). The nadir of prostate-specific antigen median was 0.24 ng/mL (9 months after treatment). Twelve (31.6%) patients failed in the timeline of 6 to 42 months after salvage treatment (mean 18.7, median 16.5)-5 due to dissemination. In 2 cases, progression in existing metastases was identified. Five (13.2%) patients had biochemical failure without additional metastases (local relapses); hence, local control was 86.8%. The failure risk is strongly influenced by initial disease stage and presalvage prostate-specific antigen concentration. The obtained results permit us to conclude that such a treatment could be an effective and safe option for prostate cancer postirradiation relapse salvage treatment.
Introduction
There is a wide variety of retreatment options for patients with prostate cancer (PCP) with local relapses, after a definitive radiation treatment. The most common is probably androgen deprivation therapy (ADT), which cannot be considered as a radical treatment. When we take into account radical salvage modalities, surgery seems to be the treatment of choice and for a considerable length of time was the only option. [1] [2] [3] [4] [5] [6] Later on, some new possibilities such as cryotherapy, 7, 8 high-intensity focused ultrasound (HIFU), 9, 10 and brachytherapy (BT) [11] [12] [13] [14] [15] [16] [17] [18] appeared. All the aforementioned modalities have yielded promising results but not consistently-primarily due to limited availability, patient performance status and/or comorbidities, local anatomical conditions, and a lack of patient agreement.
With the development of various radioablative techniques, it has become clear that they can be applied in the case of postirradiation relapse of PCP. This idea has been introduced into the practice, but to date, the number of publications in this field is considerably low, and results are inconclusive mainly due to the limited number of patients treated and lack of comparisons in the frame of randomized clinical trials. [19] [20] [21] [22] [23] [24] [25] Purpose The aim of this study was to evaluate salvage CyberKnife (CK)-based stereotactic ablative radiotherapy (SABR) local toxicity and the effectiveness of previously irradiated PCP relapses.
Materials and Methods
The material consisted of 38 previously irradiated PCP with local relapse-with or without synchronic oligometastases. Patient age on the day of salvage CK varied from 59 to 89 years (mean 73.2, median 71.6). All these patients were deemed unsuitable for surgery based on the stage of disease, medical reasons, or their unwillingness to engage in such a treatment. As a second option, salvage BT was considered; yet no patient from this group was qualified because of the aforementioned reasons. The patients were informed about alternative treatment methods, respectable prognoses, and adverse effects and signed informed consent forms.
The ADT was used in 21 cases before the first irradiation, in 27 cases between the first irradiation and relapse and in 21 cases during or after the salvage therapy. We do not consider SABR to be a replacement but rather a part of salvage treatment, complimentary with ADT in applicable cases, just as ADT should not be considered to be a radical treatment alone.
The First Irradiation
Four patients were previously operated on and irradiated for prostatic bed. Before the first definitive RT, 21 patients used ADT. Prostate-specific antigen (PSA) concentration varied in this time from 1.1 to 331 ng/mL (mean 24.4, median 12). Before the first treatment, 6 patients were from the low-risk group, 15 from the intermediate-risk group, and 17 from the high-risk group. All patients were treated with radical intention; however, 1 patient during this time had node, and another one bone, oligometastases. The Gleason and T stage of patients before the first treatment are presented in Table 1 .
The low Gleason score (3 patients with 4 points) and a lack of score in 1 case-assessed on the basis of biopsy-now in discordance with pathological rules stemmed from the time of evaluation (patients were irradiated between 2000 and 2014). In these 4 cases, biopsies were performed in small remote centers, and reevaluation was not feasible.
In all, 34 patients were treated with external beam radiotherapy (EBRT), 1 with BT, and 3 with EBRT combined with a BT boost. In the EBRT subgroup, the total dose (TD) varied from 45 Gy (postoperative patient) to 78 Gy (median 76 Gy). Five patients were irradiated using a fraction dose (fd) of 1.8 Gy and 29 using an fd of 2 Gy. The BT patient was irradiated (high-dose rate [HDR] ) with an fd of 12 Gy up to a TD of 36 Gy. In the combined irradiation subgroup, 2 patients were treated using an fd of 2 Gy up to 54 Gy and the next boosted with 1 (HDR) BT fraction of 10 Gy, and the last one was treated with up to 68 Gy (2 Gy per fraction) postoperatively, and the next-after 14 years-3Â 10 Gy were delivered for local relapse with HDR BT. Detailed data concerning prior RT are presented in Table 2 .
The PSA nadir after the first treatment appeared in the 1 to 134 months period (mean 27.2, median 18.1) and varied from 0.00 to 3.03 ng/mL (mean 0.45, median 0.17).
The Salvage CK-Based SABR
The period between the first irradiation and CK-based salvage varied from 22 to 179 months (mean 100, median 101). The maximal PSA concentration between the first and the salvage irradiation varied from 0.44 to 66.0 ng/mL (mean 7.39, median 4.3). In some cases of PSA increase, antihormonal treatment was started; thus, before the salvage treatment, 27 patients had ADT. This was the reason for a lower PSA value just before CK-based SABR, which was in the range of 0.12 to 48.83 ng/mL (mean 5.98, median 3.26).
In 12 cases, local relapse was diagnosed based on multiparametric magnetic resonance imaging and positronemission tomography (PET; Fluorocholine or prostaticspecific membrane antigen]). In 26 cases, a biopsy was performed. In 9 cases, the Gleason score was not evaluated, in 5 it was assessed as 6, in 6 as 7, in 4 as 8, and in 2 cases as 9 points.
The CK-based salvage SABR was rendered between August 2012 and July 2017. Twenty-four patients were reirradiated using the same regimen as utilized for definitive radical radioablation; 5Â 7.25 Gy (in 1 case as a focal treatment), which is actually performed routinely as a salvage radioablation in our center. Detailed data concerning the RT schemes administered are shown in Table 3 .
The diversity of irradiation regimens among the patients is due to fact that we had no prior experience in the field of salvage post-RT CK-based SABR, and the available literature was not clear on the subject of optimal dose and fractionation. Additional data from newly published works and attained experience enabled us to reach the conclusion that 5Â 7.25 Gy modality is optimal for the patients.
The prescribed dose was always delivered to planning target volume (PTV). For 23 patients irradiated with an fd of 7.25 Gy to 36.25 Gy, we used clinical target volume (CTV) and margins for PTV as for a primary radical CK-based treatment. The CTV comprised prostate (or relapse-2 cases) and proximal 1 cm of seminal vesicles. Then, 3 mm of posterior margin and 5 mm margin in the remaining directions were added. In 1 case of focal treatment (5Â 7.25 Gy), we added a 5 mm margin to the lesion (gross tumor volume [GTV] ). In 3 cases of patients with boost, margins as above were added to prostate and next 5 mm margin to the GTV (boost).
Among patients treated with others fractionation schedules, 6 were irradiated for whole prostate (CTV), 3 for 1 lobe (CTV), and 2 (postoperative) for local relapse (GTV ¼ CTV). For PTV, typical (aforedescribed) margins (5 and 3 mm) were used.
Nine patients had prostate cancer oligometastases during and before CK-based salvage SABR, 5 of them in the lymph nodes (4 in retroperitoneal and 1 in inguinal; one simultaneously with metastases in the pelvis and spine) and 4 in the bones only (2 in the spine, 1 in the spine and pelvis, and 1 in the clavicle and rib). In the first subgroup, in 3 cases, CK-based SABR was used for metastases (also for patients with nodal and bone lesions) and in the next 2 cases, a combination of fractionated RT and ADT was performed. In the subgroup with bone metastases in 3 cases, CK-based SABR was also applied and in 1 case chemotherapy (in this case, metastases developed 68.1 months prior to local relapse salvage treatment).
The patients were subject to control 1 and 3 months posttreatment and subsequently every 3 months up to 24 months and then every 6 months up to 42 months. The last control was performed 45 months after the salvage reirradiation. The ADT usage, PSA concentration, adverse effects (acute up to 3 months, next late) in accordance with the European Organization for Research and Treatment of Cancer/Radiation Therapy Oncology Group (EORTC/RTOG) system, and pain intensity in the pelvic region (according to the Brief Pain Inventory ranging from 0 "pain free" to 10 "maximal imaginable pain") were evaluated. Neither mailing nor phone controls were conducted.
While analyzing the adverse effects, the subjectivity of EORTC/RTOG gastrointestinal (GI) toxicity evaluation should be considered. We did not use rigid protocols of antidiarrheal agents administration; the decision was dependent on the patient's feeling/needs; thus, it can have an impact on the given grades.
Statistical Analysis
To model survival of patients, we used parametric (Weibull's) regression implemented in the "flexsurv" package (R package version 1.1) which is intended as a general platform for survival modeling in R platform. 26 We decided to use "flexsurv" because it allows avoiding the risk of model misspecification due to analysis of a relatively small group of patients.
Results
The follow-up (FU) varied from 1.6 to 46.4 months (mean 19.7, median 14.4). The PSA nadir, after CK-based SABR, varied from 0.003 to 29.87 ng/mL (mean 2.11, median 0.38) and appeared in the period of 1 to 12 months (mean 6.6, median 6.0) post-treatment.
Detailed data concerning the evaluated endpoints are presented in Table 4 . Due to the clinical situation (relapse/metastases), the percentage of patients using ADT was high and exceeded 50% usually. The percentage and intensity of acute as well as late adverse effects was unexpectedly low ( Figures 1-4) . No G2-GI acute effects were noted, and G2-GI late reactions were observed in 4.8% of cases only in months 9 and 12. The genitourinary (GU) effects were more severe. The percentage of G2 acute reactions varied from 5.3% to 9.1%, and 3.7% of G3 effects were noted in third month. Also, in the case of late GU reactions, up to 16.7% were observed. During 3 controls (12th, 18th, and 24th), G3 late GU reactions were noted (12.5% 1 year after treatment). The above-described adverse effects reflect local (prostate/prostate bed) toxicity. Irradiation of oligometastases (mainly due to their location) did not produce any substantial additional GI and GU toxicity as evaluated in the EORTC/RTOG grading system.
The decline in the PSA concentration mean value was very rapid in the first month after irradiation and continued until ninth month. Later on, the course of this value fluctuated partially as a result of failures and partially because of the decreasing number of monitored patients.
Pain intensity during FU was relatively low and only once, in the 45th month (5 patients controlled) did exceed 1 point in the 11-grade scale ( Figure 5 ). This meant that pain in the pelvis (probably provoked by both the disease and treatment adverse effects) was not a significant concern in the observed group.
Twelve (31.6%) patients failed in the 6-to 42-month time frame after salvage treatment (mean 18.7, median 16.5). Five of them failed due to dissemination (in 2 cases-bones and in 3-bones and lymph nodes). Two of these patients (1 with bone and lymph node metastases and 1 with solitary lymph node involved) were subsequently treated with CK radioablation; the 1 with bone and lymph node metastases was administered docetaxel-based chemotherapy and the 2 with bone dissemination received ADT. In 3 cases, metastases were diagnosed using Fluorocholine PET and in 2 using bone scintigraphy.
In 2 cases, a progression in the existing metastases (one case in bone and another in lymph nodes metastases) was discovered. Five (13.2%) patients had biochemical failure (BF) without additional metastases (local relapses) in the period ranging from 10.3 to 22.2 months (mean 15.9, median 13.9); hence, local control was 86.8%. The estimated hazard ratios for the studied clinical events are reported in Table 5 .
It can be seen in Table 5 that patients using neoadjuvant ADT before initial RT had increased risk of clinical failure nearly 5 times (Figure 6) .
Moreover, an increase in T degree also generated the risk for an earlier failure in patients as well as PSA before CK salvage SABR. As regards the latter, the difference of 10 ng/mL elevated the risk up to (1.0410 À 1) Â 100% ¼ 48%, that is, almost by a half. Prior to delivery, a TD (during the first RT) had apparent inverse effect on the BF; 1 Gy reduced the risk for this clinical event by 10%. Analogously, the difference of 2 Gy generated (1 À 0.92) Â 100% ¼ 19% risk reduction. Whereas prolongation of time to PSA nadir after first radiation treatment increased the risk of BF in patients.
Discussion
Initially, we should try to define the clinical significance of post-RT salvage EBRT. As much as 30% to 50% of the patients treated with radical RT for local disease prostate cancer will develop BF, according to the Phoenix criterion, 27 within 10 years of the treatment. 6 Many of these could profit from local therapy yet will not meet the requirements for well-established methods 28 such as salvage surgery, cryotherapy, or BT. In these cases, because of its low risk, feasibility, and availability, EBRT could prove to be an alternative treatment modality.
Due to the technical implications of local salvage treatment, most of the methods result in considerable toxicity. Radical prostatectomy (RP) can cause anastomotic stricture in 17% to 32% and incontinence in 48% to 68% of patients. 29 Similar adverse effects accompany HIFU, such as urinary incontinence (in approximately 49.5%) and bowel obstruction (in 20%). 30 Cryotherapy, which is typically connected with less adverse effect, can still lead to mild to moderate (6%-13%) or severe (2%-4%) incontinence and urinary retention (2%-21%). 29 The BT tends to induce grade 3 to 4 GU toxicity in a mean of 17% (range 0-47) and grade 3 to 4 GI toxicity in 5.6% (0-24) as a late complication. 29 In comparison, EBRT seems to be well tolerated by patients. Apart from the work published by Zilli et al 19 (patients treated with a higher TD and a concomitant BT boost), acute and late radiation toxicities were mostly contained within grade 0 and grade 2, with few to no cases of grade 3þ-in terms of both GU and GI adverse effects (Tables 6 and 7) . It should be noted that the percentage of patients with FU varied from 61% to 76% during the first year of observation and consecutively decreased, which could have affected the evaluation of adverse effects.
The treatment results, however, are difficult to discuss in terms of comparison to other methods due to short FU (median of 11.2-24 and 94 months in 1 study), limited samples (6-38 patients), and different end points. To our knowledge, a 5-year biological disease-free survival (bDFS) ranges from 47% to 82% for RP 29 and 50% to 70% for cryotherapy. 31 In carefully selected patients, HDR or low-dose rate BT can also be implemented, resulting in 5-year bDFS varying from 20% to 70%. 16, 29 Compared to these methods, it seems that CK salvage EBRT with a TD of 34 to 36.25 Gy delivered in 5 fractions could prove to be a suitable alternative. Furthermore, it is associated with manageable toxicity and promising treatment outcomes (2-year bDFS of 82%, 1-year bDFS of 85.7%, 1-year biochemical non-evidence of disease of 55.6%, 1-year local control of 86.8%). [22] [23] [24] The treatment plans used in other studies, however, were connected with either high-radiation toxicity 19 or mediocre treatment results. 20, 21 The comparison of PCP salvage reirradiation results is presented in Table 8 .
Interpretation of statistical analysis results in terms of the salvage treatment failure seems to be clear. Negative impact of neoadjuvant ADT probably is caused by patient selection for this treatment; neoadjuvant ADT was administered mainly in the group of high-risk patients with worse prognosis. Also, the impact of T stage is understandable; the higher disease stage is associated with larger risk of failure. The PSA concentration is one of the strongest factors influencing final result of PCP treatment; hence, PSA before CK salvage SABR impacts significantly the failure risk.
It is more difficult to interpret an impact of TD delivered in first RT and time to PSA nadir after this treatment on the risk of BF. We could suppose that higher TD delivered during first RT influences a risk of local relapse (in prostate region), which is often a reason of BF, but we cannot find any explanation for dependency between time to PSA nadir and BF risk.
Conclusion
The obtained results permit us to conclude that EBRT, utilizing a TD of 34 to 36.25 Gy, delivered in 5 fractions, could be an effective and safe option for local salvage treatment of prostate cancer postirradiation relapses. This treatment failure is strongly influenced by initial disease stage and presalvage PSA concentration.
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